Optimized regional climate simulations are conducted using the Polar MM5, a version of the fifth-generation Pennsylvania State University-NCAR Mesoscale Model (MM5), with a 60-km horizontal resolution domain over North America during the Last Glacial Maximum (LGM, 21 000 calendar years ago), when much of the continent was covered by the Laurentide Ice Sheet (LIS). The objective is to describe the LGM annual cycle at high spatial resolution with an emphasis on the winter atmospheric circulation. Output from a tailored NCAR Community Climate Model version 3 (CCM3) simulation of the LGM climate is used to provide the initial and lateral boundary conditions for Polar MM5.
Introduction
In the effort to better understand possible climate change mechanisms, particular attention has been given to the Last Glacial Maximum (LGM), approximately 21 000 calendar years before present (21 kyr BP). The climate forcing mechanisms at the LGM, including reduced trace gas concentrations, cooler ocean temperatures, orbital configuration, changes in vegetation patterns, and Northern Hemisphere continental-scale ice sheets, combined to maintain a much cooler global climate than now present. In particular, the Laurentide and Fennoscandian Ice Sheets, which covered much of North America and Scandinavia, respectively, contributed to a higher planetary albedo and, VOLUME 17 J O U R N A L O F C L I M A T E at 2-3-km elevation, would have represented formidable obstacles in the Northern Hemisphere westerly flow. At the LGM, the Laurentide Ice Sheet, for instance, had spatial dimensions similar to contemporary Antarctica. The influence of the ice sheets on the atmospheric standing wave pattern would likely have had a first-order impact on the distributions of temperature and precipitation both proximate to and downstream of the ice sheets, just as the Tibetan Plateau influences the contemporary Northern Hemisphere atmospheric circulation. Hence, an accurate representation of the LGM climate requires, among other things, an accurate treatment of the continental ice sheets.
Previous studies have primarily used atmospheric global climate models (GCMs) to simulate the LGM climate, and several of these studies have focused on the influence of the Northern Hemisphere ice sheetsparticularly the Laurentide-on the atmospheric circulation. In an early GCM study, Manabe and Broccoli (1985) indicate that the Northern Hemisphere midlatitude westerlies split into two distinct branches straddling the Laurentide Ice Sheet. The northern branch of the split jet maintained strong cold air advection over eastern Canada and the North Atlantic, while cyclones developing along the southern branch were responsible for enhanced precipitation along the southeastern Laurentide Ice Sheet margin. Several other GCM studies of the LGM climate (e.g., Kutzbach and Wright 1985; Rind 1987; Shinn and Barron 1989) have obtained similar configurations of the Northern Hemisphere jet stream. Cook and Held (1988) use a linear primitive equation model to demonstrate that the Northern Hemisphere stationary wave pattern (and the split North American jet stream) at the LGM is largely due to direct mechanical forcing by the Laurentide Ice Sheet rather than changes in diabatic heating or heat and momentum contributions from transient eddies.
In contrast, a number of recent GCM studies of the LGM show little or no indication of a split upper-level jet stream over the Laurentide Ice Sheet (Felzer et al. 1996; Hall et al. 1996; Kageyama and Valdes 2000; Toracinta et al. 2004 ). Rather, in these studies the Laurentide Ice Sheet induces an enhanced upstream ridge/ downstream trough pattern with flow diverted up and over the ice sheet similar to the ''small mountain'' flow regime (Kageyama and Valdes 2000) . Roe and Lindzen (2001) note that, in addition to orographic effects, a continental ice sheet represents a source of thermal forcing that, if large enough, would induce feedbacks that could also alter the atmospheric circulation. Because the atmosphere and the ice sheets represent a coupled system, growth or decay of the ice sheet in turn depends strongly on the configuration of the atmospheric circulation pattern.
Although atmospheric GCMs are generally well suited for global simulations of the LGM climate, early GCMs had coarse spatial resolution (e.g., 8Њ latitude ϫ 10Њ longitude), which could contribute to an inaccurate representation of important large-scale features such as the atmospheric long-wave pattern and storm tracks (Shinn and Barron 1989; Dong and Valdes 2000) . However, even at the finest currently available resolution (typically 2.8Њ latitude-longitude grid), GCMs may not capture important mesoscale processes associated with large ice sheets (e.g., katabatic winds). Regional atmospheric models, with high spatial resolution and multiple options for physical parameterizations, are being more frequently used for climate applications. Among these models is Polar MM5, a version of the fifth-generation Pennsylvania State University-National Center for Atmospheric Research (PSU-NCAR) Mesoscale Model (MM5; Dudhia 1993; Grell et al. 1994 ) adapted specifically for simulations over polar regions Cassano et al. 2001) . The Polar MM5 has been tested extensively over present-day Greenland Cassano et al. 2001) and Antarctica Guo et al. 2003 ) and currently provides real-time numerical weather prediction in support of U.S. aircraft operations in Antarctica via the Antarctic Mesoscale Prediction System (AMPS; Powers et al. 2003) . Contemporary Greenland and Antarctica likely represent the range of conditions that existed over the Laurentide Ice Sheet at the LGM and serve as reasonable analogs. Hence, Polar MM5 is well suited for simulations over the Laurentide Ice Sheet.
In simulations of the contemporary climate, others have demonstrated that results from a regional climate model coupled to a GCM are more realistic than those from the GCM alone (Giorgi et al. 1990; Ji and Vernekar 1997) . In the present study, Polar MM5 is coupled to the NCAR Community Climate Model version 3 (CCM3; Kiehl et al. 1998 ) for simulations of the LGM climate over the Laurentide Ice Sheet. We extend the work of previous GCM studies of the LGM climate and the impact of the continental ice sheets on the atmospheric circulation by using a high-resolution regional climate model that is known to perform well over continental-scale ice sheets. Our objective is to describe the annual cycle of the climate at the LGM with specific attention on the winter atmospheric circulation. As in previous GCM simulations, we also investigate through sensitivity tests the effects of ice sheet height as well as model physics on the wintertime circulation.
Section 2 briefly describes the Polar MM5, the LGM boundary conditions, and the approach used for the model experiments. Section 3 presents results from a full annual cycle of the LGM climate from Polar MM5 along with results from several sensitivity tests for the winter climate. A discussion follows in section 4 with concluding statements in section 5.
Data and methods

a. Polar MM5 physics and LGM domain
The Polar MM5 in the current study is a nonhydrostatic three-dimensional atmospheric model based on MM5 version 3.4. While Bromwich et al. (2001) and Cassano et al. (2001) provide details of the optimized polar physics, a brief summary of these is presented here along with the model configuration for the LGM simulations.
Polar MM5 uses the Reisner explicit moisture scheme (Reisner et al. 1998 ) to simulate grid-scale cloud and precipitation processes. This includes three-dimensional prognostic equations for water vapor, cloud water, cloud ice, rain, and snow mixing ratios. Subgrid-scale cloud processes are simulated using the Grell cumulus parameterization (Grell et al. 1994) . Shortwave and longwave radiation processes in Polar MM5 are predicted using a modified version of the NCAR Community Climate Model version 2 (CCM2) radiation parameterization (Hack et al. 1993) in conjunction with the predicted cloud water and ice mixing ratios from the Reisner microphysics scheme to determine cloud radiative properties. Turbulent fluxes in the atmosphere and turbulent fluxes between the atmosphere and the surface are parameterized using the 1.5-order turbulence closure parameterization used in the National Centers for Environmental Prediction Eta Model (Janjic 1994). Polar MM5 includes a sea ice surface type with open water fraction and variable sea ice thickness. Surface fluxes for sea ice grid points are calculated separately for open water and ice fractions, and then averaged before interacting with the overlying atmosphere.
The current model configuration has 29 vertical sigma levels, 7 of which are in the lowest 400 m of the atmosphere. The lowest sigma level is located nominally at 14 m above ground level. Guo et al. (2003) conducted Polar MM5 simulations over contemporary Antarctica with a similar vertical resolution near the surface and found that it well captured the evolution of the boundary layer katabatic winds. The model top is set to 13 hPa with a rigid-lid upper boundary condition. The rectangular model domain for the LGM simulations is 170 ϫ 160 horizontal grid points, centered at 52.22ЊN, 92.66ЊW, with a horizontal polar stereographic projection resolution of 60 km (Fig. 1) .
b. LGM boundary conditions
The LGM ice sheet elevations are from the University of Maine Ice Sheet Model (UMISM) output (Fastook and Chapman 1989; Fastook and Prentice 1994) . The UMISM is a time-dependent finite-element model that solves the mass continuity equation for ice flow and provides the ice surface elevation, isostatically adjusted bedrock elevation, column-integrated ice velocities, and internal temperatures within the ice column at each model grid point. Internal temperatures are calculated at each nodal point using a 1D vertical temperature profile, with boundary conditions of mean annual temperature at the surface and geothermal heat flux at the bed. The model also calculates creep deformation of the ice and includes a sliding mechanism at locations where the basal temperature reaches the pressure melting point. The UMISM derives accumulation and ablation rates (e.g., mass balance) using the average annual temperature at the ice surface from a simple climatological model, which is modulated by a temperature proxy obtained from the Greenland Ice Core Project (GRIP) core ␦ 18 O record (Johnsen et al. 1995) . The mass balance scheme, originally derived for Antarctica (Fortuin and Oerlemans 1990; Fastook and Prentice 1994) , arrives at an annual mean temperature based on the atmospheric lapse rate and latitudinal temperature gradient. From this temperature, a net accumulation rate is obtained for each model grid point based on the saturation vapor pressure and local surface slope. The net ablation rate is obtained by imposing a latitudinally modified seasonal amplitude onto the annual mean temperature and counting positive-degree days.
The ice sheet data were interpolated to the 60-km Polar MM5 grid using a Cressman weighting scheme (Cressman 1959) . Figure 1 shows the contoured LGM terrain elevations in the Polar MM5 domain. The Laurentide Ice Sheet, easily identifiable over North America, exceeds 3500-m elevation (above LGM sea level) just west of Hudson Bay in west-central Canada. The dome elevation is similar to that obtained from geophysically constrained ice sheet model simulations by Tarasov and Peltier (2004) . The locations of the Laurentide Ice Sheet margins generally agree with recon- structions from geological data (e.g., Dyke et al. 2002) , with the southern margin extending to about 39ЊN, although the ice sheet model does not produce the detailed lobelike structures along the southern margin. Elsewhere, a substantial portion of the Fennoscandian Ice Sheet is included in the domain, covering much of the present day United Kingdom, Scandinavia, and Barents Sea; maximum elevations exceed 2400 m over northern Scandinavia and 1700 m over present day Scotland. In addition, a small ice cap covers the Cherskiy Mountains in eastern Russia (65ЊN, 145ЊE; 2100 m).
In the current ice sheet reconstruction from the glaciological model simulation, Alaska is entirely ice free at the LGM. However, a recent proxy-based reconstruction of LGM glacial extent over present day Alaska predicts that ice extended from the Alexander Archipelago in southwest Alaska, across the Alaska Range, to the western tip of the Alaska Peninsula (Manley and Kaufman 2002) . A separate smaller glacier covered the Brooks Range in northern Alaska, while the remainder of the region was ice free at the LGM. To better conform our LGM ice sheet configuration to the proxy estimates of ice extent, Polar MM5 grid points in Alaska were matched qualitatively to the Manley and Kaufman (2002) reconstruction. In the absence of proxy-based estimates of ice sheet thickness in the region, present day terrain elevations (zero ice thickness) were retained at these model grid points.
Orbital forcing in Polar MM5 was set to 21 kyr BP using the equations for eccentricity, declination, and longitude of perihelion from Berger (1977;  Table 1 ). The atmospheric CO 2 concentration was set to 180 ppm. Sea level was lowered 120 m, commensurate with the LGM global ice sheet volume from glaciological model output but less than recent estimates of sea level lowering (ϳ130 m) based on marine evidence (Yokoyama et al. 2000; Peltier 2002) . The lowered sea level exposes additional land primarily along the eastern coasts of Central and North America, the Bering Sea, and Bering Strait (Beringia, Fig. 1 ). Paleovegetation data from reconstructions over Beringia (Edwards et al. 2000) , western North America (Thompson and Anderson 2000) , and eastern North America (Williams et al. 2000) were matched to the 13 category MM5 vegetation types and qualitatively mapped to the ice-free land grid points in the Polar MM5 domain. Finally, lake level chronologies indicate that the surface areas of paleolakes Lahontan and Bonneville, in the Great Basin of the western United States, were 6-8 times greater at the LGM than at present (Benson et al. 1990; Hostetler et al. 1994) . Regional modeling results suggest that Lake Bonneville in particular was sufficiently large for lake-atmosphere interactions to be an important contributor to its hydrologic budget (Hostetler et al. 1994) . In the present study, paleolakes Bonneville and Lahontan were implemented in the Polar MM5 domain using a depiction similar to that by Hostetler et al. (1994) .
c. PMM5 initial and lateral boundary conditions
The initial and lateral boundary condition data for the Polar MM5 (PMM5) LGM simulations are from the final year of an 18-yr GCM simulation of the LGM climate using the CCM3, the results of which are presented in detail by Toracinta et al. (2004) and summarized here.
The NCAR CCM3 (Kiehl et al. 1998 ) is a global spectral atmospheric model with T-42 truncation (2.8Њ latitude ϫ 2.8Њ longitude transform grid), 18 hybrid sigma levels in the vertical, and a 20-min. time step. The LGM boundary conditions in the CCM3 simulation were the same as those implemented in PMM5 except that the CCM3 configuration included a modified CH 4 concentration (set to 350 ppbv) and present-day vegetation owing to significant uncertainties in current LGM global vegetation reconstructions. Based on the consensus that the LGM SSTs predicted by Climate: Longrange Investigation, Mapping, and Prediction (CLIMAP 1981) are too warm in the Tropics and too cold at high latitudes, Toracinta et al. (2004) optimized the global LGM SSTs based on available proxy data. The modified LGM SSTs were cooled by 4ЊC uniformly in the Tropics (30ЊN-30ЊS) relative to CLIMAP and the high-latitude sea ice seasonal extent was reduced.
Relevant to the current study, Toracinta et al. (2004) note that the modified LGM SSTs cause significant opposing changes in the hemispheric and regional-scale atmospheric circulation, which are most pronounced in the winter hemisphere. For instance, there is significant weakening of the midlatitude circulation and reduction of 500-hPa eddy kinetic energy (fewer and weaker storm systems) and precipitation along the western coast of North America due to the decreased meridional temperature gradient in the modified SST simulation. In contrast, reduced sea ice extent during boreal winter causes increased regional baroclinicity and enhanced atmospheric circulation in the western North Pacific and the North Atlantic in the vicinity of the Icelandic low. Cooled tropical SSTs also increase the land/ocean temperature contrast, leading to a slightly stronger summer monsoon circulation in the southwestern United States than in the global climate simulation with CLIMAP SSTs.
The 12-hourly CCM3 data, including the three-dimensional temperature, specific humidity, geopotential height, and wind fields as well as surface pressure, snow cover, soil moisture, and soil temperature were interpolated to the Polar MM5 grid using the standard MM5 preprocessing routines. The prescribed monthly mean SSTs from the Toracinta et al. (2004) CCM3 simulation were also interpolated to the Polar MM5 grid.
The Polar MM5 LGM simulations were run for a complete annual cycle in a series of monthly runs, each preceded by a 2-week spinup period. As others have demonstrated, running a long regional climate simulation as a series of shorter, overlapping simulations can minimize model drift and reduce computational cost (Pan et al. 1999; Qian et al. 2003) . Polar MM5 output was generated every three hours during May-September to adequately resolve the diurnal cycle in order to quantify warm season ablation of the Laurentide Ice Sheet. Model fields were output every 6 h during the remainder of the simulated year. Monthly, seasonal, and annual means of several model fields were computed for analysis and comparison with results from the CCM3 LGM simulation over the Polar MM5 domain.
Results
a. Annual cycle
In this section we highlight the annual cycle of the LGM climate by presenting maps of monthly mean model fields for January and July along with monthly mean time series from select locations in the Polar MM5 domain.
The mean January 2-m temperature, sea level pressure (SLP), and near-surface (lowest model sigma level) wind distributions are shown in Figs. 2a, 2b, and 2c, respectively. Over the Laurentide Ice Sheet, the coldest 2-m temperatures (ϽϪ50ЊC) are located along the ice sheet axis of maximum elevation (see Fig. 1 ), while the coldest 2-m temperatures (ϽϪ60ЊC) in the model domain are found in central Greenland. The monthly mean 0ЊC isotherm (bold contour) reaches its southernmost position of the year in northern Mexico and the Gulf of Mexico coast. The large temperature gradients along the eastern and western coasts of North America result from the juxtaposition of the Laurentide Ice Sheet margin and relatively warm SSTs.
In response to the cold January temperatures over the elevated, highly reflective Laurentide Ice Sheet, a large ''glacial anticyclone'' is centered west of Hudson Bay near the peak of the Laurentide Ice Sheet (Fig. 2b) . This anticyclone is the dominant feature in the winter SLP field. The January mean Aleutian low (Ͻ988 hPa) is located over the Bering Sea while downstream of the Laurentide Ice Sheet a pronounced and equally intense Icelandic low spans the North Atlantic and extends northward over the Greenland Sea. A well-defined anticyclonic katabatic wind circulation is established over the Laurentide Ice Sheet during January (Fig. 2c) with mean near-surface wind speeds in excess of 14 m s The January mean 500-hPa geopotential height field (Fig. 2d ) is highly amplified with a large blocking anticyclone centered near the summit of the Laurentide Ice Sheet and an intense downstream trough and closed low east of Greenland. The 500-hPa height contours and shaded isotachs indicate that the geostrophic flow splits into two distinct branches on the windward side of the Laurentide Ice Sheet. The northern branch of the flow is forced over Beringia and the Canadian Arctic, while the southern branch of the flow traverses the southern portion of the domain. The two branches merge into a single, vigorous transatlantic jet stream with monthly mean 500-hPa level winds in excess of 45 m s Ϫ1 . The 5370-and 5430-m geopotential height contours indicate a closed anticyclonic circulation near the ice sheet summit and a closed cyclonic circulation located south of the ice sheet summit near present day Montana. These closed circulations are not present in the upper levels of the model atmosphere (e.g., 200 hPa), although the height field aloft remains highly amplified (not shown).
In comparison, by midsummer the atmospheric state over the Laurentide Ice Sheet has changed substantially. For example, Fig. 3 shows the July mean 2-m temperature, sea level pressure, near-surface vector wind, and 500-hPa geopotential height distributions. During July, 2-m air temperatures (Fig. 3a) warm to the annual peak. The July mean 0ЊC isotherm is located along the Laurentide Ice Sheet margins and reaches its farthest northward limit over the North Atlantic and the western Arctic Ocean basin. The mean July SLP field (Fig. 3b) shows the poorly defined glacial anticyclone centered south of Hudson Bay. Both the Aleutian and Icelandic lows are notably weaker, although the latter is still prominent over the North Atlantic. A large transatlantic meridional pressure gradient, between the Icelandic low and high pressure in the central Atlantic, persists during summer and maintains the belt of 10-15 m s Ϫ1 southwesterly near-surface winds across the basin (Fig. 3c ). During July, the katabatic circulation is no longer evident over the Laurentide Ice Sheet in the monthly mean near-surface winds. Rather, relatively strong (10-12 m s Ϫ1 ) low-level flow occurs along the eastern slopes of the ice sheet. The July mean 500-hPa geopotential height field and isotachs (Fig. 3d) indicate a nearly zonal midtropospheric flow traversing the southern margin of the Laurentide Ice Sheet. The broad trough over the North Atlantic, the closed circulation near Greenland, and fast transatlantic flow, though considerably weaker than during winter, are persistent large-scale features during mid summer.
The structure and evolution of the midtropospheric flow has a primary influence on cyclone development, intensity, and track, and therefore the distribution of precipitation. Figure 4 shows the LGM January and July cyclone tracks, which were computed based on an al- gorithm that uses the 6-hourly mean sea level pressure field to define and track surface cyclones in the domain (Serreze 1995; Serreze et al. 1997) . The January and July total (convective and grid-scale) precipitation distributions are shown in Fig. 5 . During January (Fig. 4a) , surface cyclones occur most frequently at locations along the periphery of the Laurentide Ice Sheet consistent with the split of the jet stream flow around the ice sheet. Cyclones are relatively frequent in the northwestern portion of the domain (e.g., coastal Beringia and Alaska) along the vigorous northern branch of the January split jet stream and across southwestern North America along the southern branch. Accordingly, large precipitation accumulations (Ͼ200 mm) occur in these regions (Fig. 5a ). Along the northern branch of the jet stream, cyclones frequently occur near coastal Greenland and the Fennoscandian Ice Sheet, although the total January precipitation in these high-latitude regions remains relatively small (Ͻ50 mm). In contrast, along the weaker southern branch of the jet stream, both cyclone frequency and total precipitation are maximized in locations from the Gulf of Mexico across the eastern margin of the Laurentide Ice Sheet.
In response to the northward displacement of the midtropospheric jet stream, July cyclone frequencies (Fig.  4b) are relatively high over much of the Laurentide Ice Sheet, particularly along the southern margin where precipitation totals are also maximized (Fig. 5b) . There are attendant decreases in cyclone frequency and precipitation across southern North America.
As the January and July surface and upper-air plots suggest, the katabatic wind circulation over the Laurentide Ice Sheet and the split jet stream have a marked annual cycle. To further illustrate this, we present time series of monthly mean 2-m temperature, sea level pressure, wind speed and direction, and monthly total pre-VOLUME 17 cipitation at select locations in the model domain (see Fig. 1 ). For instance, Fig. 6 shows the time series at the summit of the Laurentide Ice Sheet. This location is near the center of the katabatic wind circulation and mean wind speeds are generally small (Fig. 6b) , particularly during the period when the glacial anticyclone and katabatic wind circulation are firmly established (December-April). Also during this period, the upperlevel split jet stream dominates the large-scale circulation and relatively little precipitation accumulates at the ice sheet summit; less than 28% of the annual accumulation occurs during the 6-month period from November to April. During the warm season, with the upper-level jet stream positioned over the Laurentide Ice Sheet, transient cyclones track over the ice sheet with increased frequency and precipitation increases mark-
FIG. 6. Time series of (a) monthly mean 2-m temperature (thin) and sea level pressure (bold) and (b) wind speed (bold), vector wind direction (thin), and precipitation (triangles) at location A at the Laurentide Ice Sheet summit (see Fig. 1 and text) . Note that the precipitation scale is on the left axis in (b). Fig. 6 but at location B on the Laurentide Ice Sheet southern margin (see Fig. 1 and text) . Note that the precipitation scale is on the right axis in (b). Fig. 6 but at location C near the Gulf of Mexico coast (see Fig. 1 and text) . Note that the precipitation scale is on the right axis in (b).
FIG. 7. As in
FIG. 8. As in
edly. In fact, approximately 68 mm of precipitation (42% of the annual total) accumulates at the Laurentide Ice Sheet summit during June-August. Figure 7 shows the monthly mean time series data at a location on the southern margin of the Laurentide Ice Sheet, approximately 250 km north of the ice sheet terminus (location B in Fig. 1 ). During the cold season (November-April) katabatic wind regime, monthly mean vector winds are nearly steady from 60Њ (downslope of the ice sheet) and precipitation accumulation during the 6-month period accounts for less than 23% of the annual total accumulation. During summer, monthly mean 2-m air temperatures warm to near freezing. The positioning of the upper-level jet stream over the ice sheet and the attendant increase in transient cyclone frequency result in a marked increase in precipitation from late spring to mid summer; nearly 60% of the annual precipitation occurs during June-August at this location. Figure 8 shows the monthly mean time series at a location near the Gulf of Mexico coast (location C in Fig. 1) . Here, the winter months are characterized by high sea level pressure, 2-m air temperatures well below 0ЊC, and northerly surface winds. During summer (June-August), the near-surface wind regime is southerly and monthly mean 2-m air temperatures approach 20ЊC. The northward migration of the upper-level jet stream results in a decrease in transient cyclone frequency and a seasonal minimum of precipitation (13% of the annual total) at this location.
The final monthly mean time series (Fig. 9) are from a location in western North America, near present-day Mono Lake, California (location D in Fig. 1 ). This location is characterized by relatively low amplitude annual cycle of the surface variables. The monthly mean near-surface winds are onshore (westerly) from the Pacific Ocean through most of the annual cycle, suggesting the prevalence of the eastern Pacific maritime air mass. The southern branch of the upper-level split jet stream influences this region through most of the annual cycle. Thus, monthly precipitation accumulations are consistently large (Ͼ300 mm) except during July-August when the jet stream consolidates and migrates northward over the Laurentide Ice Sheet.
b. Sensitivity of the winter climate to polar physics
The previous figures demonstrate that the split of the jet stream around the Laurentide Ice Sheet is a distinct VOLUME 17 Fig. 6 but at location D (see Fig. 1 and text) . Note that the precipitation scale is on the right axis in (b). feature in the Polar MM5 representation of the LGM winter climate. To better assess the nature of the winter split jet stream, several sensitivity tests were conducted using January as the representative winter month. The first sensitivity test examines the role of the optimized polar physics in the Polar MM5 by repeating the LGM January simulation using the standard release MM5 version 3.4 (MM5 hereafter) without polar physics; all other initial and boundary conditions and physics options (e.g., cloud microphysics and subgrid cumulus parameterization) were unchanged.
The MM5 January mean 2-m air temperature and 2-m air temperature difference (MM5 minus Polar MM5) are shown in Figs. 10a and 10b , respectively. The temperature distribution in Fig. 10a is generally similar to that produced by the Polar MM5 (cf. Fig. 2a ) with the 0ЊC isotherm extending to the coast of North America and southward into Mexico. In fact, beyond the ice sheet margins, with the exception of the North Atlantic and Arctic basins, there is essentially no difference between the two model runs (Fig. 10b) . The MM5 simulation produces warmer 2-m air temperatures over the ice sheets, consistent with findings by Hines et al. (1997a,b) in simulations over contemporary Antarctica. The positive temperature anomalies over the Laurentide Ice Sheet exceed 18ЊC, while large negative anomalies occur in the North Atlantic and Arctic Oceans where sea ice occurs. This is attributed to the treatment of sea ice in Polar MM5, with an open water fraction and variable sea ice thickness allowing greater fluxes of heat from the ocean surface.
The MM5 produces a winter glacial anticyclone (Fig.  11a) over the Laurentide Ice Sheet, centered near the ice sheet summit, as in the Polar MM5 simulation (cf. Fig. 2b ). However, consistent with the warmer 2-m air temperatures, MM5 produces a weaker glacial anticyclone over the Laurentide Ice Sheet (Fig. 11b) . In addition, the MM5 Icelandic low in the North Atlantic is also weaker [positive mean sea level pressure (MSLP) anomalies] due to the colder temperatures and decreased baroclinicity relative to the Polar MM5 simulation. The warmer temperatures in the MM5 simulation yield a weaker surface inversion and reduced downslope forcing over the Laurentide Ice Sheet such that the katabatic wind circulation is substantially weaker; katabatic wind speed magnitudes are roughly half of those in the Polar MM5 run (not shown).
At upper levels, the MM5 simulation without polar physics produces a wintertime split 500-hPa jet stream (Fig. 12a ) similar to that in the Polar MM5 run (cf. Fig.  2d ). This supports earlier findings that the split jet is largely a result of mechanical forcing by the presence of the Laurentide, which acts as an obstacle in the westerly flow (Cook and Held 1988) . A quantitative comparison of the 500-hPa flow configurations in the simulations with and without polar physics shows that the blocking anticyclone is somewhat weaker and less pronounced than in the Polar MM5 run. The 500-hPa height anomalies (MM5 minus Polar MM5 Fig. 12b ) are pos- 
c. Sensitivity of the winter climate to ice sheet height
If the Laurentide Ice Sheet acts primarily as an obstacle to the midlatitude westerly flow to mechanically force the wintertime split jet stream, it is reasonable to explore, with the explicit three-dimensional regional model, whether or not a threshold ice sheet height triggers the occurrence of the split jet. To address this question, Polar MM5 was used to conduct a series of winter (January) sensitivity tests with the Laurentide Ice Sheet elevations scaled to various maximum ice sheet heights. The horizontal extent of the Laurentide Ice Sheet was not changed in the sensitivity runs.
For the first sensitivity experiment, the Laurentide Ice Sheet was replaced by a zero thickness ice sheet, similar to previous GCM flat ice sheet experiments (Rind 1987; Felzer et al. 1996; Kageyama and Valdes 2000) . Here, however, the terrain elevation at each ice sheet grid point was set to its nonglaciated value and the surface type remained land ice. Figure 13a shows the January mean 500-hPa geopotential height and wind speed distributions. In this case, the dominant midtropospheric flow features are the strong high-latitude jet stream, a closed cyclonic circulation over Greenland, and the associated broad trough over eastern North America. The weak ridge upstream of the flat Laurentide Ice Sheet and pronounced downstream trough account for the large 500-hPa height anomalies (flat minus full) over much of the ice sheet extent (Fig. 13b) .
The January mean 2-m air temperature distribution for the flat ice sheet experiment is shown in Fig. 14a . Here, as in the full ice sheet simulation, the mean January 0ЊC isotherm extends to coastal North America (cf. Fig. 2a) . However, temperatures south of the Laurentide Ice Sheet margin are warmer than in the full ice sheet control. The January mean 2-m air temperature anomalies (flat minus full) are shown in Fig. 14b . The anomalies were computed by first adjusting the 2-m temperatures at each Laurentide Ice Sheet grid point by the elevation difference between the full and flat ice sheet topography using the dry adiabatic lapse rate (10ЊC km Ϫ1 ). The elevation-adjusted temperature anomalies are negative over most of the Laurentide Ice Sheet extent with the largest negative values occurring over the eastern Canadian Archipelago and Baffin Island. The January mean near-surface vector wind field (Fig. 15) indicates that the large negative anomalies are a result of cold air advection over eastern Canada. In the full ice sheet case, under the influence of strong katabatic flow (Fig. 2c) , air parcel trajectories spiral down the slopes of the Laurentide Ice Sheet and the mean January near- surface winds are southerly into the Arctic basin. By contrast, the flat ice sheet allows air parcels to traverse unimpeded from the cold Arctic basin over much of eastern Canada.
Similar sensitivity simulations were conducted with the Laurentide Ice Sheet elevations scaled to maximum ice sheet heights of 1000 m, 1300 m, 1800 m, 2100 m, and 2500 m to determine whether a threshold elevation exists to trigger onset of the pronounced wintertime split jet. Figure 16 presents the 500-hPa geopotential height anomalies (scaled height minus full) for each of the sensitivity runs at two locations on the Laurentide Ice Sheet: on the ice sheet summit near the center of the anticyclone (open circles) and downstream of the summit over Baffin Island (filled circles). Figure 16 indicates that, as the ice sheet height increases, the negative height anomalies decrease both at the ice sheet summit and downstream of the summit. The former trend is indicative of increased ridging with increased ice sheet height. The latter trend results from an eastward shift and change in amplitude of the downstream trough, some of which may be due in part to the lateral boundary constraint in the northeastern corner of the domain. Although there is some variability, both anomaly trends are approximately linear, indicating that the transition from a weakly split midtropospheric flow over a lowelevation ice sheet to a pronounced split jet stream at VOLUME 17
LGM Jan mean 500-hPa geopotential height from (a) CCM3 (adapted from Toracinta et al. 2004 ) and (b) Polar MM5. Contour interval is 60 m in (a) and (b).
full ice sheet height is approximately linear. This corroborates results from one-dimensional model simulations by Cook and Held (1988) , who conclude from linear model results that the atmospheric circulation evolved in concert with the growing continental ice sheet and did not change abruptly when the ice sheet reached a critical size.
Discussion
Early GCM simulations of the Last Glacial Maximum climate show a split upper-level jet stream over the Laurentide Ice Sheet with a strong southern branch of the flow near the southern periphery of the ice sheet and a weaker but distinct branch deflected northward over the Canadian Arctic (e.g., Kutzbach and Wright 1985; Manabe and Broccoli 1985) . The winter flow regime from the current Polar MM5 LGM simulation is broadly consistent with these previous GCM results. In the current study, the northern branch of the Polar MM5 winter split jet maintains strong cold air advection in the lee of the Laurentide Ice Sheet while the southern branch is associated with moisture advection from the Gulf of Mexico and Caribbean with enhanced precipitation across much of southern North America. The Polar MM5 solution differs qualitatively from the early GCM results in that Polar MM5 produces a strong northern branch of the split jet whereas the GCM studies clearly show a dominant southern branch. In Polar MM5, the winter midtropospheric westerly jet stream impinges on the Laurentide Ice Sheet farther north than in the GCM studies. This suggests that the characteristics of the trans-Pacific flow, upstream of the ice sheet, determine the relative strengths of the two branches of the split jet stream. In turn, differences in the characteristics of the modeled flow result in part from differences in model resolution, model physics, and the LGM ocean boundary condition.
The Polar MM5 LGM winter solution differs substantially from recently published results from relatively fine spatial resolution GCMs, including those by Toracinta et al. (2004) which were used to provide the initial and lateral boundary conditions for Polar MM5. For instance, Fig. 17 juxtaposes the CCM3 LGM January mean 500-hPa geopotential height field (adapted from Toracinta et al. 2004 ) with the same field from Polar MM5. The CCM3 solution (Fig. 17a) shows no indication of a split midtropospheric jet stream while Polar MM5 (Fig. 17b) , which is constrained to the same CCM3 solution only along the lateral boundaries, produces a very pronounced split jet stream. Other characteristics of the LGM winter climate depicted by Polar MM5, such as the strong glacial anticyclone and katabatic wind flow over the Laurentide Ice Sheet, are also not well represented in the CCM3. Several other Polar MM5 LGM simulations were run using CCM3 initial and lateral boundary data from different model years. The additional Polar MM5 simulations each produced very similar qualitative winter circulation features with only small quantitative differences, demonstrating that the regional model solution is robust.
The substantial differences between the global and regional model solutions are attributable to several factors. First, model physics contribute to the differences, as the regional model simulations with and without polar physics demonstrate. The optimized physics in Polar MM5 (which are not present in CCM3) yield enhanced winter circulation features compared to the simulation without polar physics. Second, model resolution contributes to the different winter solutions in Polar MM5 and CCM3. For instance, the 500-hPa geopotential height anomalies (LGM minus present) from CCM3 and Polar MM5 simulations are shown in Figs. 18a and 18b , respectively. CCM3 produces modest (60 m) positive height anomalies upstream of the Laurentide Ice Sheet and over the central Atlantic Ocean with larger negative height anomalies from eastern North America across the North Atlantic. In comparison, the 500-hPa geopotential height anomaly pattern from Polar MM5 (Fig. 18b) is more highly amplified. Similarly, Rind (1988) finds that a GCM simulation of the ice age climate at ''fine'' resolution (4Њ ϫ 5Њ) produces a more highly amplified circulation pattern in the Northern Hemisphere winter than the same GCM at coarser (8Њ ϫ 10Њ) resolution. The extent and magnitude of the positive height anomalies over North America in Polar MM5 indicate that the model atmosphere responds more strongly to the presence of the Laurentide Ice Sheet than the coarser resolution CCM3.
Although the CCM3 response to the ice sheet forcing is less amplified than in the regional model, the global model domain is horizontally unbounded and disturbances are allowed to propagate freely downstream. The response of the Polar MM5 atmosphere to the presence of the Laurentide Ice Sheet is constrained at the lateral boundaries. Hence, it is valid to question whether the domain is sufficiently large to capture the primary effects of the ice sheet forcing. Evidence that the Polar MM5 domain is sufficiently large can be gleaned from results by Cook and Held (1988) , who used a linear model driven by output from an early GCM simulation of the LGM with a winter jet stream split around the Laurentide Ice Sheet (Broccoli and Manabe 1987) . Cook and Held (1998) find that the largest atmospheric response to ice sheet orographic forcing occurs locally over North America and the North Atlantic. The high amplitude anomalies in this region are contained within the Polar MM5 domain. In addition, the Polar MM5 January LGM simulation was run on a smaller domain (140 ϫ 130 horizontal grid points, 60-km spacing) with no substantial differences in the representation of the split jet stream. Thus, the Polar MM5 domain size is sufficiently large to capture the first-order effects of the Laurentide Ice Sheet.
Comparison of model output and proxy data
Annual mean surface temperature estimates at the LGM are available from a number of proxy sources within the Polar MM5 domain. Table 2 lists a sample of proxy-based estimates of surface temperature cooling at the LGM at sites mostly in the western United States. Also listed are the predicted annual mean 2-m temperature changes (LGM minus present) from Polar MM5 and CCM3 simulations. Both models are in close agreement with temperature estimates from Greenland borehole data showing 21ЊC cooling in central Greenland at the LGM. Elsewhere, in some locales the Polar MM5 solution is in closer agreement than CCM3 with proxy temperature estimates [e.g., those from Stute et al. (1995) and Thompson et al. (1993) ], while at other sites the models are in similar disagreement with the proxy data. Overall, for this small sample of data points, Polar MM5 shows closer agreement with the proxy temper- ature estimate, but the differences with the CCM3 solution are generally modest.
Precipitation estimates for the LGM are commonly determined from lake level data. Lake level status for a number of closed basins in the western United States indicates wetter conditions at the LGM compared to the present (e.g., Street-Perrott et al. 1989 ). Both CCM3 and Polar MM5 generally capture the increased precipitation at the LGM across the western United States, although there are notable differences that are attributable to the different flow configurations in the two models. For instance, Fig. 19 shows the Polar MM5 minus CCM3 January precipitation anomalies; here the Polar MM5 data have been spatially averaged to match the CCM3 grid. Under the influence of the wintertime split jet stream, Polar MM5 predicts enhanced precipitation relative to CCM3 across much of western North America, particularly in the western United States. While both models broadly agree with proxy data in this region, there is considerable regional variability, especially in the finer resolution Polar MM5. For instance, based on sediment yield rates in the Bonneville Basin of northern Utah, Lemons et al. (1996) predict that annual precipitation was as much as 33% greater during the LGM than today. By comparison, results from CCM3 and Polar MM5 show only minor increases of 2.9% and 8.1%, respectively, in this region. Elsewhere, proxy records suggest that annual precipitation in northern California was 300% greater at the LGM (Thompson et al. 1993) . Here again, both models predict minor increases in annual precipitation in this region at the LGM: 6.7% for CCM3 and 11.5% for Polar MM5. Although the Polar MM5 shows considerably more regional variability in the distribution of precipitation, the 60-km spatial resolution is not sufficient to accurately represent complex relief such as the Rocky Mountains and hence may not be accurately capturing the detailed distribution of LGM precipitation.
Over northwestern North America, estimates of LGM climate are available from a few proxy sources including pollen and the distribution of loess. Muhs and Zárate (2001) note that, although loess source areas in Alaska are not well established nor is the amount of loess deposition that took place at the LGM, the dust source model of Mahowald et al. (1999) suggests that interior Alaska was an important loess source at this time. This is consistent with the pollen record of cold, dry conditions and a sparsely vegetated landscape in central and western Alaska (Ager and Brubaker 1985; . Briner and Kaufman (2000) infer that moist air masses penetrated infrequently into southwestern Alaska (eastern Beringia) during the late Wisconsin period (LGM). They state that lowered sea level at the LGM exposed a vast continental shelf that transformed the climate in southwestern Alaska from maritime to continental. This inference is supported by the magnitude of equilibrium line altitude (ELA) lowering, which suggests that the region was unusually dry. Both the regional Polar MM5 and global CCM3 predict drier conditions in western and central Alaska at the LGM in general agreement with proxy data. As in the southwestern United States Polar MM5 produces substantial regional variability not seen in the global model. Both models predict increased precipitation at the LGM along coastal southern Alaska, although the magnitudes are notably greater in Polar MM5 due in part to the influence of the winter split jet stream and a more accurate representation of the mountainous terrain in this region. Muhs et al. (2003) suggest that full-glacial loess in western Alaska is largely glaciofluvial in origin and that probable source regions imply a prevailing northeasterly wind during the LGM. This is in contrast to winds simulated in earlier GCM simulations of the LGM climate (e.g., Kutzbach et al. 1993 ) that show prevailing southwesterly winds over Alaska. The Polar MM5 LGM run predicts easterly winds over Alaska through most of the annual cycle, in general agreement with proxy observations.
The enhanced precipitation along the southern coast of Alaska in the Polar MM5 LGM simulation is also attributable to the influence of the split jet stream, the northern branch of which steers low pressure systems across Beringia and into the Arctic. The northern branch of the jet stream in Polar MM5 also results in enhanced precipitation in the Canadian Arctic, particularly over the Queen Elizabeth Islands and northwestern Greenland. This is in contrast to results from the CCM3 simulation that predicts arid conditions in this region at the LGM.
Although proxy evidence is sparse in the Canadian High Arctic, recent studies challenge the notion of regional aridity at the LGM and appear more consistent with results from Polar MM5. For instance, geomorphic and stratigraphic evidence along the Nares Strait (between Ellesmere Island and Greenland) indicate glacial advance and coalescent Greenland and Ellesmere Island ice during the late Wisconsinan period (England 1999) . Dyke (1999) also points to evidence from Devon Island suggesting that the region was inundated with ice at the LGM. In the Arctic basin, Polyak et al. (2001) present submarine topographic evidence for extensive thick ice shelves during Pleistocene glaciations. Flow directions inferred from the orientation of submarine glaciogenic features suggest that glaciation of the Canadian High Arctic was one source for the Arctic Ocean ice shelves. Although the dating of the glaciogenic features on the seafloor is not well constrained, Polyak et al. (2001) speculate that grounded ice may have existed in the western Arctic Ocean at the LGM.
Conclusions
Polar MM5 simulations of the Last Glacial Maximum climate, using a high spatial resolution (60 km) domain centered over North America and driven by output from an NCAR CCM3 LGM simulation, produce distinct characteristics of the atmospheric circulation not seen in recent GCM simulations of the LGM. Foremost among these is the pronounced split of the Northern Hemisphere jet stream around the Laurentide Ice Sheet during the cold season (November-April). Sensitivity experiments indicate that the winter split jet stream is primarily due to mechanical forcing by the Laurentide Ice Sheet, which acts as an obstacle in the midlatitude westerly flow. It appears that the characteristics of the atmospheric flow upstream of the Laurentide Ice Sheet influence the structure of the midlatitude jet stream and could account for differences in the regional and global model depictions of the jet configuration. While the primary influence of the Laurentide Ice Sheet on the atmospheric circulation is proximate to the ice sheet (i.e., away from the Polar MM5 lateral boundaries), future experiments will consider the downstream impact of the ice sheet within a larger (possibly hemispheric) Polar MM5 domain.
The atmospheric flow configuration from Polar MM5 has a first-order impact on the regional distributions of temperature and precipitation in the model domain. Polar MM5 produces a mean annual temperature distribution in general agreement with available proxy data, and simulated temperature anomalies differ only slightly from the CCM3 solution. With regard to precipitation, the Polar MM5 solution is in qualitative agreement with CCM3 and proxy data that the southwestern United States was wetter at the LGM than today. There are important quantitative differences between Polar MM5 and the proxy records that may be due to model resolution. Compared with CCM3, Polar MM5 produces substantially greater regional variability in the precipitation distribution over western North America. However, the 60-km horizontal resolution in Polar MM5 may not sufficiently represent the mountainous terrain of the region in order to capture accurately the precipitation distribution.
At high latitudes, the Polar MM5 LGM simulation is consistent with available proxy data showing generally dry conditions in the Alaskan interior under an easterly low-level wind regime. Substantial differences between Polar MM5 and CCM3 are noted in the Canadian High Arctic, where the regional model produces enhanced precipitation in association with the northern branch of the split jet stream. This is also in contrast to previous GCM simulations that predict aridity in the Arctic at the LGM. Although proxy data are sparse in this region, the enhanced precipitation simulated by Polar MM5 is VOLUME 17 J O U R N A L O F C L I M A T E broadly consistent with paleoreconstructions of extensive glaciation over the Queen Elizabeth Islands and proposed ice shelves in the Arctic during the LGM. Both at high and middle latitudes, the results from Polar MM5 may help resolve some long-standing discrepancies between proxy data and previous simulations of the LGM climate.
